CD47 is an antiphagocytic ligand broadly expressed on normal and malignant tissues that delivers an inhibitory signal through the receptor signal regulatory protein alpha (SIRPα). Inhibitors of the CD47-SIRPα interaction improve antitumor antibody responses by enhancing antibody-dependent cellular phagocytosis (ADCP) in xenograft models. Endogenous expression of CD47 on a variety of cell types, including erythrocytes, creates a formidable antigen sink that may limit the efficacy of CD47-targeting therapies. We generated a nanobody, A4, that blocks the CD47-SIRPα interaction. A4 synergizes with anti-PD-L1, but not anti-CTLA4, therapy in the syngeneic B16F10 melanoma model. Neither increased dosing nor half-life extension by fusion of A4 to IgG2a Fc (A4Fc) overcame the issue of an antigen sink or, in the case of A4Fc, systemic toxicity. Generation of a B16F10 cell line that secretes the A4 nanobody showed that an enhanced response to several immune therapies requires near-complete blockade of CD47 in the tumor microenvironment. Thus, strategies to localize CD47 blockade to tumors may be particularly valuable for immune therapy.
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T cell | macrophage | cancer | protein engineering | immunotherapy B lockade of the adaptive immune regulators CTLA-4, PD-1, and PD-L1 has shown impressive clinical efficacy across a wide range of human malignancies (1, 2) . Despite the success of these adaptive checkpoint inhibitors in a subset of patients, the majority of patients still fail to achieve an adequate clinical response (1, 2) . CD47 is an innate checkpoint receptor broadly expressed in normal tissues, including all cells of hematopoietic origin (3) (4) (5) . CD47 negatively regulates phagocytosis, primarily through interactions with its receptor SIRP1α on macrophages (6) . CD47 is up-regulated in a wide range of human and murine malignancies. Blockade of CD47 dramatically enhances antibody-dependent cellular phagocytosis (ADCP) in vitro and substantially improves antitumor responses in vivo, particularly in xenotransplant models (6) (7) (8) (9) (10) (11) . There are only a few examples of CD47 blockade in hosts with an intact immune system; how such interventions can synergize with immune checkpoint inhibition remains to be established (7) (8) (9) (10) (11) . We have previously demonstrated that CD47 blockade with an alpaca-derived nanobody, in combination with a PD-L1-blocking antibody (αPD-L1) and the antimelanoma antibody TA99, acted synergistically in the poorly immunogenic B16F10 melanoma model, while completely avoiding toxicity (7); however, whether CD47 blockade would improve the antitumor activity of alternative immune checkpoint regulators, such as CTLA-4 or PD-1, which may act via distinct mechanisms, remains unknown.
The therapeutic efficacy of αPD-L1 therapy does not rely solely on ADCP, whereas αCTLA-4 antibody therapy requires engagement of the FcγR in murine models (12, 13) . In the B16F10 melanoma model, the efficacy of combination therapy with αCTLA-4 antibodies and an autologous GM-CSF-secreting tumor vaccine (GVAX) is strongly correlated with therapyinduced depletion of intratumoral regulatory T cells (Tregs). This effect is completely dependent on FcγR expression by the host (12, 13) . The requirement for FcγR has been proposed to be the result of ADCP of CTLA-4-expressing Tregs by macrophages in the tumor microenvironment, although alternative antitumor mechanisms, such as antibody-dependent cellular cytotoxicity (ADCC), may also play a role (13) . We hypothesized that expression of CD47 on αCTLA-4 antibody-bound cells may limit the efficacy of Treg-targeted ADCP, and that CD47 blockade may therefore improve the antitumor response.
Our previous work used A4, a high-affinity (∼10 pM) blocking nanobody raised against murine CD47. A4 potently antagonizes the CD47-SIRPa interaction, while avoiding anemia, the principal toxicity of antibody-based CD47-targeting therapeutics (7) . Due to their low molecular weight (∼15 kDa), nanobodies have a short circulatory half-life. This expedites renal clearance and might compromise their efficacy in blocking CD47 in vivo (7, (14) (15) (16) . To circumvent this pharmacokinetic limitation, we took two different approaches, generating an A4-IgG2aFc fusion protein and a B16 cell line that constitutively secretes A4. The A4-Fc fusion showed dose-limiting toxicity, whereas secretion of A4 by B16 within the tumor microenvironment achieved near-complete CD47 blockade and improved responses to the anti-melanoma antibody TA99. CD47 blockade within the tumor microenvironment also enhanced the efficacy of an Significance CD47 is a broadly expressed membrane-associated innate immune regulator that acts as a ligand of signal regulatory protein alpha (SIRPα) on antigen-presenting cells to inhibit phagocytosis. In xenograft models, inhibitors of the CD47-SIRPα interaction selectively target tumor-expressed CD47 and improve antibody responses to tumors by enhancing antibody-dependent cellular phagocytosis. In syngeneic settings, however, broad expression of CD47 on cells of the hematopoietic lineage creates a formidable antigen sink and increases toxicity. We find that optimal synergy between anti-CD47 antibodies and several immune therapies, including anti-CTLA-4, requires near-complete blockade of CD47 in the tumor microenvironment. Thus, novel strategies to deliver localized CD47 blockade to tumors may be particularly valuable for immune therapy.
anti-melanoma vaccine in combination with αCTLA-4 treatment. Localized CD47 blockade within the tumor microenvironment is therefore sufficient to mediate a therapeutic effect. Furthermore, our results highlight the dichotomy between αPD-L1 and αCTLA-4 responses when combined with CD47 blockade, and establish a valuable preclinical model of αCD47 toxicity in vivo.
Results

CD47 Blockade Enhances Phagocytosis of Tregs in Vitro but Not in
Vivo. CD47 engagement of SIRP1α on macrophages may limit Fc-dependent depletion of Tregs by αCTLA-4 antibodies. To test this, we first cultured in vitro differentiated murine Tregs with bone marrow-derived mouse macrophages (BMDMs) in the presence or absence of αCTLA-4-blocking antibodies and A4. We quantified macrophage-mediated ADCP by flow cytometry (7) . The αCTLA-4 antibody clone 9H10 promoted macrophage phagocytosis of Tregs only when coincubated with A4 ( Fig. 1A and Fig. S1 ). αCTLA-4 antibody-dependent phagocytosis was not affected by antigen recognition, as phagocytosis of Tregs derived from OTII cells was equivalent when cocultured either with peptide-pulsed or with control macrophages (Fig. 1A) . Despite the A4-dependent enhancement of Treg phagocytosis in vitro, cotreatment of mice with αCTLA-4 and A4 had no appreciable effect in vivo on Treg numbers recovered from the tumor-draining lymph nodes (Fig. 1B) . When combined with the anti-melanoma antibody TA99 and αCTLA-4 ( Fig. 1C) CD47 blockade with A4 did not further improve survival or reduce tumor size in the B16 melanoma model. CD47 blockade by A4, when combined with an αPD-L1-blocking antibody and TA99, slowed tumor growth and conferred a survival advantage (7) (Fig. S2 ). The success of combination immunotherapy involving CD47 blockade may thus depend not only on the specific checkpoint pathway targeted, but also on whether the tumor itself expresses the targeted receptor (e.g., PD-L1). Indeed, CD47 blockade with A4 did not synergize with αCTLA-4 in the context of a GVAX, a setting in which CTLA-4 is expressed only on host cells (17, 18) (Fig. 1D and Fig. S1 ).
Multiple Injections of an Anti-CD47 Nanobody Fail to Achieve Complete Blockade of CD47 in the Tumor Microenvironment. In vivo targeting of CD47 poses a challenge due to its high level of expression on cells of hematopoietic origin, including red blood cells (RBCs) and platelets. This creates a substantial antigen sink that sequesters A4 from the tumor microenvironment (3, 4) . While irrelevant in xenotransplantation models where the recipient's RBCs do not usually react with species-specific αCD47 agents, this sink is a crucial pharmacodynamic variable in a syngeneic setting (4, (7) (8) (9) (10) (11) 19) . Daily doses of 200 μg of A4 stained 50-60% of accessible CD47 on circulating hematopoietic cells (3, 4, 7, 10) . Using dose escalation ( Fig. 2A and Fig. S3 ) and even more frequent nanobody administration (Fig. 2B) , we failed to achieve CD47 blockade beyond 80% on RBCs (Fig. 2 A and B) . Multiple daily doses of A4 also increased CD47 blockade within the tumor microenvironment, reaching ∼75% saturation (Fig. 2C ).
A4-IgG2a Fusion Protein Induces Severe Anemia in Mice. Because more frequent administration of A4 improved CD47 blockade, we reasoned that extension of A4 half-life by fusion to the Fc domain of murine IgG2a (A4Fc) might enhance responses, both by extending serum half-life and by increasing ADCP through FcγR engagement ( Fig. 2D and Fig. S4A ). Presumably, the high affinity of the monovalent A4 nanobody would be outmatched by that of the bivalent A4Fc, for avidity reasons. We nonetheless anticipated that these improvements might come at the risk of accelerated clearance of A4Fc-bound RBCs. A single dose of A4Fc induced anemia within 4 d of administration, an outcome not seen with A4 alone or with an irrelevant nanobody fused to murine IgG2a (VHHctrFc) (Fig. 2E ). αCD47-induced anemia was not unexpected, given the rapid clearance of CD47-deficient RBCs transfused into wild-type (WT) mice, but it is not observed in xenotransplant models (3-5, 7, 8) . Although Fc-dependent phagocytosis of RBCs is likely the major cause of anemia, its severity may be further enhanced by a substantial reduction in reticulocytes in A4Fc-treated mice (Fig. 2F) . Coadministration of A4 monomer, starting on day 2, attenuated A4Fc-induced anemia and gave rise to a nearly 50% increase in hemoglobin (Fig. 2E) , coupled with a substantial increase in the number of reticulocytes (Fig. 2F) . We observed no differences in the numbers of white blood cells or platelets among mice treated with A4 monomer, A4Fc, or the control nanobody Fc-fusion (Fig. S4B) . Pretreatment of animals with low doses of A4Fc (1/10th standard antibody dose: A4Fc prime) tended to alleviate anemia (Fig. 2E ) and increased the number of reticulocytes (6, 20) (Fig. 2F) . We did not see any therapeutic effect of the antibody at these doses. Responses to this regimen were more variable and did not reach statistical significance. The robust reticulocyte response induced by A4 on cotreatment with A4Fc suggests that reticulocytes are intrinsically less susceptible to depletion through antibody binding to CD47 or are more easily rescued than mature RBCs. The severity and rapidity of the anemia induced by A4Fc led to death in all treated animals, including tumor-bearing mice pretreated with low-dose A4Fc before receiving a therapeutic dose. Consequently, no therapeutic trials of A4Fc were able to reach a tumor endpoint, and efficacy was not directly assessable.
Local Secretion of A4 Induces Near-Complete Blockade of CD47 in the Tumor Microenvironment. To establish whether more complete blockade of CD47 in the tumor microenvironment could improve the antitumor response, we transduced B16 melanoma cells with lentiviruses encoding a secreted form of A4 (B16-A4) (Fig. 3A) . A4 was readily detectable in tumor lysates and in supernatants of B16-A4 cells, confirming both expression and secretion of the nanobody (Fig. 3B) . CD47 was not detectable on the surface of B16-A4 cells, but was readily detectable on cells transfected with a control nanobody (B16-ctr), consistent with autocrine binding of A4 to its target. This most likely prevents recognition of CD47 by the detection antibody, which is of considerably lower affinity (Fig.  3C) . It is unclear whether A4 engages CD47 at the cell surface or earlier in the secretory pathway, for example, in the endoplasmic reticulum. A4 produced by B16-A4 cells not only blocked CD47 in nanobody-producing cells, but also blocked CD47 on B16 WT cells in coculture (Fig. 3D) . Production of A4 did not affect the growth of B16 in vitro or in vivo (Fig. 3 F and G) , but did enhance in vitro ADCP of tumor cells by BMDMs (6-11) (Fig. 3E) . Preserved in vivo growth is not unexpected, given the low serum response to A4 in nanobody-treated animals (7) (Fig. S5) . When injected into mice, B16-A4 cells did not cause systemic CD47 blockade, as cells isolated from the spleen and tumor-draining lymph node could be stained with CD47 antibody ex vivo (Fig. 3H) . CD47 levels were not substantially lower on GM-CSF-secreting B16 GVAX cells delivered at a site distant from the primary B16-A4 tumor (Fig. 3H) . Within the local tumor microenvironment, B16-A4 tumors showed near-complete blockade of CD47 both on tumor-infiltrating leukocytes (TILs) and B16 itself (Fig. 3I) . Presumably, given the short plasma half-life of nanobodies, any surplus A4 that reaches the circulation is rapidly cleared.
Secretion of A4 Within the Tumor Microenvironment Enhances
Responses to Anti-Tumor Antibodies. We next examined the consequences of near-complete CD47 blockade within the tumor microenvironment. Treatment of B16-A4 cells with TA99 modestly delayed tumor growth when administered after tumors were first palpable ( Fig. 4A and Fig. S6A) , and cleared tumors when given on the day after inoculation (Fig. 4B and Fig. S6B ). Thus, local blockade of CD47 is sufficient for a therapeutic effect. Systemic administration of αCD47 mostly targets the antigen sink, fails to enhance ADCP, and underscores the importance of reaching near-complete CD47 blockade in the tumor to achieve optimal protection.
We next investigated the importance of adaptive immunity in a response to day 1 TA99 treatment. Neither deficiency in the transcription factor BATF3 (Fig. 4C and Fig. S6C ), required for efficient cross-presentation by DCs, nor deletion of RAG2 (Fig. 4D and Fig.  S6D ) to completely ablate adaptive immunity affected the response of B16-A4 to TA99. Therefore, adaptive responses are dispensable for clearing early-stage B16F10 tumors. This is in contrast to eradication of established tumors, where effective antitumor responses depend on the modulation of adaptive responses (7, 11, 21) .
Local CD47 Blockade Improves Responses to CTLA-4 GVAX. We next investigated whether local CD47 blockade enhanced responses to the GVAX tumor vaccine. GVAX treatment modestly increased survival in mice inoculated with B16-A4, but not in those inoculated with B16-ctr ( Fig. 4E and Fig. S6E ). To determine whether local blockade of CD47 could be effective against large, established tumors, mice with B16-A4 or B16-ctr tumors were vaccinated with GVAX, and the tumors were allowed to grow to palpable size (day 8) before treatment with αCTLA-4. Even in this setting, local secretion of A4 provided a substantial therapeutic benefit (7, 17) (Fig. 4F and Fig. S6F ). Although local delivery of A4 was effective, GVAX-αCTLA-4 in combination with A4Fc caused considerable toxicity (Fig. 4G) . Thus, alternative strategies for enhancing blockade of CD47 in the tumor microenvironment, without having to resort to the addition of an Fc portion, may be useful in combination with certain immune therapies, such as GVAX (12, 13, 22, 23) .
Discussion
Blockade of the innate immune checkpoint regulator CD47 has demonstrated impressive preclinical efficacy in a wide variety of xenotransplant models, and more recently against syngeneic tumors (7) (8) (9) (10) (11) (12) (13) . The use of syngeneic tumor models has two critical advantages for studying the impact of immune interventions that target CD47: it enables evaluation of combination therapies that target the adaptive immune system, and it provides insight into potential toxicities that arise from expression of CD47 on nonmalignant tissues (7, 11, 13) . The wide expression of CD47 serves as a formidable antigen sink that limits the efficacy of CD47-targeted therapies. Optimal antitumor responses to GVAX, antitumor antibody, and αCTLA-4 therapy in the B16 mouse melanoma model all require near-complete CD47 blockade within the tumor microenvironment but not at distal sites, including the tumor-draining lymph nodes. However, dependence on near-complete CD47 blockade for effective combination immunotherapy is not universal. Combination treatment by systemic αCD47 nanobody administration with αPD-L1 is effective (7) . Although the mechanism underlying the differential requirement for CD47 blockade in αCTLA-4 and αPD-L1 therapy is not clear, it likely depends on the cell type targeted. CTLA-4 is expressed on activated and regulatory T cells, while PD-L1 can be expressed on multiple cell types, including tumor cells themselves (1, 7, 12, 13, 24) .
To date, therapeutic responses to CD47 blockade have targeted malignant tissues and have not been used successfully to enhance ADCP of host cells to favor tumor growth, such as Tregs. While both tumor cells and normal immune cells are susceptible to ADCP in vitro, we found no evidence that Tregs were targeted in vivo during CD47 blockade. This may be a limitation of targeting Tregs through αCTLA-4, or may represent a more fundamental resistance to ADCP of this cell type, potentially through the engagement of additional antiphagocytic pathways. The normal circulatory half-life of CD47-deficient erythrocytes in CD47-deficient mice shows that such pathways exist. CTLA-4 is a low-abundance protein that is maintained largely in intracellular stores, and thus may fail to reach the surface density threshold required for ADCP.
In principle, the use of autologous nanobody secretion could introduce a tumor antigen that might complicate immune therapy, but we find little evidence for this in our model. B16 cells engineered to secrete A4 grow normally in mice. Although this may change in the setting of immune therapy, we used cells engineered to secrete a nanobody of irrelevant specificity as a control. Since most anti-nanobody responses are to the conserved framework regions, this control directly addresses this concern. In addition, through an analysis of serum anti-nanobody responses, we have found that A4 is particularly nonimmunogenic, possibly due to its tendency to bind RBCs, a tolerance-inducing regimen (7, 25) . Therefore, if anti-nanobody responses were the principal cause of the effect of local delivery, then we would expect the control cells secreting the irrelevant nanobody to be more rapidly rejected.
Our findings concerning the toxicity of CD47 blockade are relevant to understanding potential side effects of CD47 antagonists in patients. By creating A4Fc, a fusion between the A4 nanobody and the murine IgG2a Fc region, we produced a reagent that binds and blocks CD47 with low picomolar affinity, while retaining the ability to engage FcγR. Thus, A4Fc can activate macrophage phagocytosis, as well as potentially initiate ADCC. In vivo administration of A4Fc led to rapid and significant anemia that worsened when combined with other forms of immune therapy. Given that RBCs express CD47 on their surface, where it plays an important role in their clearance, this finding was perhaps expected (4). αCD47-induced anemia is not observed in xenotransplantation models, where host CD47 is immunologically distinct from CD47 on the tumor. Therefore, the therapeutic reagents used to target CD47 on the tumor are tumor-specific and do not target host cells. In the previously reported syngeneic models, the antibodies used either lacked an Fc or were of considerably lower affinity than the A4 nanobody and its derivatives used in our study. Thus, we have established a murine model of αCD47-induced anemia. This model should provide a platform not only for studying potential therapeutic strategies for mitigating anemia, as explored here, but also to evaluate αCD47 toxicity in the course of combination immunotherapy. Combination immunotherapy is likely to be critical to achieving a meaningful therapeutic effect of CD47 blockade against many tumors, as we and others have found.
Published data from human clinical trials of CD47 blockade are not yet available, but findings in nonhuman primates demonstrated a treatment-related anemia that was manageable at the doses of αCD47 antibody used (20) . In those studies, the antibody was shown to bind human and nonhuman primate CD47 with equal affinity. The study also showed that the antibody could reach serum drug levels that were previously effective in xenotransplant models without inducing substantial toxicity (20) . However, this finding is limited by the use of a xenotransplant model to determine an effective drug dose. Since mice obviously lack endogenous expression of xenogeneic CD47, they also lack a circulating antigen sink in xenotransplant models. The presence of this antigen sink almost certainly alters the relationship between the drug level in the serum, and the level within the tissues and tumor. Without either knowing the effective tissue concentration of antibody, or demonstrating both safety and efficacy in nonhuman primates or patients, the extent to which toxicity will limit the effectiveness of antibody-based CD47 targeting therapies is presently unclear. We developed a nanobody against CD47 as an alternate strategy for blocking this pathway that does not risk systemic toxicities, even when given at therapeutic doses, but our findings serve as a cautionary note. Nanobodies, or other high-affinity receptor-binding therapies that lack an Fc domain, are an effective means for avoiding toxicity, but are limited by circulatory half-life. Based on measurements of several other nanobodies, A4 is likely to have a serum half-life of <30 min, although its tissue half-life is considerably longer, as we demonstrate here (14) . For this reason, it cannot achieve the steady state serum drug levels reported in the xenotransplant and nonhuman primate models using standard injections. We suggest that alternative delivery mechanisms for nanobodies may be necessary to achieve adequate blockade of highly expressed targets, particularly in settings where inclusion of an Fc increases toxicity. Potential strategies to translate nanobody-based CD47 blockade into a clinical setting could include increasing serum half-life through PEGylation or fusion to albumin, direct injection into the tumor, or incorporation into drug-releasing depots that could produce a continuous supply of nanobody in the circulation (7, 22, 23) .
Methods
All animals were maintained according to protocols approved by either MIT's Committee on Animal Care or the Dana-Farber Cancer Institute's Institutional Animal Care and Use Committee. Methods for expression and VHH and fusion proteins followed standard procedures as described previously (7) . Immunological assays and in vivo tumor experiments followed procedures described elsewhere (7) . For Details of all experiments are provided in SI Methods.
